Abstract: This study aimed to clarify the relationship between the mechanical environment at the fracture site and endogenous fibroblast growth factor-2 (FGF-2). We compared two types of fracture healing with different callus formations and cellular events using MouseFix™ plate fixation systems for murine fracture models. Left femoral fractures were induced in 72 ten-week-old mice and then fixed with a flexible (Group F) or rigid (Group R) Mouse Fix™ plate. Mice were sacrificed on days 3, 5, 7, 10, 14, and 21. The callus volumes were measured by 3D micro-CT and tissues were histologically stained with hematoxylin & eosin or safranin-O. Sections from days 3, 5, and 7 were immunostained for FGF-2 and Proliferating Cell Nuclear Antigen (PCNA). The callus in Group F was significantly larger than that in Group R. The rigid plate allowed bone union without a marked external callus or chondrogenesis. The flexible plate formed a large external callus as a result of endochondral ossification. Fibroblastic cells in the granulation tissue on days 5 and 7 in Group F showed marked FGF-2 expression compared with Group R. Fibroblastic cells showed ongoing proliferation in granulation tissue in group F, as indicated by PCNA expression, which explained the relative granulation tissue increase in group F. There were major differences in early phase endogenous FGF-2 expression between these two fracture healing processes, due to different mechanical environments. Key words: callus formation, fracture, growth factor, internal fixator, mouse 
Introduction
Fracture healing processes are infl uenced by the mechanical environment at the fracture site. Fixation properties between bone fragments affect morphological characteristics [6, 8] , and callus volume is high in a dynamic environment where the fracture site is unstable and slight strain exists [24] . However, previous studies on the relationship between fi xation stability and fracture repair processes have been limited to showing morphological changes involving the fracture callus, and the precise mechanism has yet to be fully elucidated.
Recent studies of fracture healing have shown that growth factors are involved in regulating cell proliferation, differentiation and matrix synthesis. However, fracture healing processes are not all the same. Various mechanical environments at the fracture site may result in different expressions of endogenous growth factors.
Previous studies have shown that the production of fi broblast growth factors (FGFs) at the fracture site plays an important role in fracture repair processes, that the effects of FGFs are exerted mainly on mesenchymal cell proliferation, and that FGF-2 is a more potent mitogen for fi broblasts and pre-osteoblasts than for differentiated osteoblasts [20] . The local application of recombinant human FGF-2 has also been shown to accelerate fracture healing through the formation of a large external callus in the cortical bone at an early stage [14, 19, 21, 22, 27] . Therefore, we speculated that FGF-2 is among the factors most strongly infl uencing callus size as determined by the mechanical environment.
To clarify the relationship between the mechanical environment at the fracture site and endogenous FGF-2, we observed two types of fracture healing with distinct callus formation and cellular events using MouseFix™ plate fi xation systems for murine fracture models. Furthermore, we compared endogenous growth factor expressions during fracture healing processes under controlled experimental conditions.
Materials and Methods
Mouse Fix™ is a locking plate system with good angular stability that includes two plate types: a rigid (Fig.  1A ) and a fl exible (Fig. 1B) plate [10, 18] . The rigid plate is 7.75 × 1.5 mm and the fl exible plate is 7.75 × 2.5 mm (both are 0.7 mm in thickness). The diameter of the bridging wire of the fl exible plate is 0.25 mm. Each plate has 4 holes for screw thread cutting. The screws are 2 mm in length, the outside diameter of the thread is 0.5 mm, and the core diameter is 0.36 mm. The head of each screw also allows for screw thread cutting.
Ten-week-old male C57BL/6J mice (n=72; mean weight, 24.5 g; Charles River Laboratories Japan, Inc., Yokohama, Japan) were used as experimental models. Mice were allowed to adjust to the new environment for 2 weeks and were randomly allocated between 2 experimental groups, Group R (fi xed with rigid plate) and Group F (fi xed with fl exible plate), and 6 mice were sacrifi ced on each scheduled day of sacrifi ce. Each cage (225 × 338 × 140 mm) housed 4 mice. Mice were fed an ordinary laboratory diet (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan) and given access to an automatic water dispenser containing water treated with UV irradiation and fi ltered through 5-µm pores. The rearing conditions were as follows: SPF grade; temperature, 25 ± 2°C in summer and 23 ± 2°C in winter; relative humidity, 55 ± 10%; ventilation count, ≥10 times/h; cleanliness class, 10,000 at 0.5 µm, wet circulation; noise, ≤60 dB; luminance, 300 lx; light/dark cycle, 12 h/12 h.
All surgeries and handling procedures were in accor- dance with the terms of the Animal Ethics Committee of Kitasato University. Mice were initially sedated using diethyl ether, and a mixture of 1 part midazolam, 3 parts Domitor, and 1 part Vetorphale was then intramuscularly injected into the upper limbs. Based on an optimal dose of 0.05 ml/100 g, 0.02 ml of this anesthetic was administered. The operative procedure was applied only to the left femur. A 1-cm lengthwise incision was made between the hip and the knee. The fascia was cut and the muscle was retracted, taking care to avoid injury to the periosteum. The plate guide instrument with the plate was positioned on the femur. The second hole from the proximal end was drilled first, and the screw was placed and then twisted off. Next, the third hole from the proximal end was drilled, and the screw was placed. Screws were inserted into the other two holes, keeping the pins attached to the screws to stabilize the instrument for sawing. The bone was gently cut using a wire saw (diameter, 0.22 mm) to create a gap. Finally, the last pin was twisted off. After surgery, irrigation with saline was performed to remove small bone fragments. Success of the surgical procedure was confirmed radiographically. The distance between the plate and the bone also affects the dynamic environment of the fracture sites. Therefore, we measured the space between both ends of the plate and the bone. Distances were measured using the "Scion Image 4.0" image analysis software (Scion Co., Ltd., Frederick, MD, USA).
After surgery, the mice were allowed to use their fractured legs without restriction. In order to assess chronological changes in healing, 6 mice in each group were sacrificed with excess CO 2 gas at 3, 5, 7, 10, 14, and 21 days after fracture induction.
External hard callus volume
Femurs were excised with the surrounding muscle and the implants were carefully removed. The femurs were placed in 4% paraformaldehyde, and stored in a refrigerator (4°C) for 48 h. The 4% paraformaldehyde was then replaced with phosphate-buffered saline (PBS). Micro-CT images were obtained using a micro focus X-ray CT system (inspeXio SMX-90CT: Shimadzu Co., Ltd., Tokyo, Japan). Images were obtained employing the following settings: acceleration voltage, 90 kV; current, 110 µA; voxel size, 57 µm/pixel; matrix size, 512 × 512. The external hard callus volume was measured three-dimensionally using VGStudioMAX 2.0 (Nihon Visual Science, Inc., Tokyo, Japan) with the volumerendering method. The threshold of each image was kept at the same level using the software function.
Histological evaluation
After micro-CT scanning, the femur was demineralized with a 10% EDTA solution for 10 days. The remaining tissue was embedded in paraffin. Subsequently, 4-µm sections were cut through the long axis of each femur in the coronal plane. The section with the maximum diameter was chosen as being representative of each fracture. All sections were then subjected to hematoxylin & eosin (HE) and safranin-O staining. To evaluate the cellular event progression, the number of samples in which pathognomonic cellular events appeared was compiled for each group according to the sacrifice schedule.
Sections from days 3, 5, and 7 were immunolabeled with anti-FGF-2 rabbit polyclonal antibody (Santa Cruz Biotechnology; Santa Cruz, CA, USA) and with anti-PCNA (Proliferating Cell Nuclear Antigen) rabbit polyclonal antibody (Santa Cruz Biotechnology). After labeling, sections were stained with the streptavidinbiotin-peroxidase system (HISTOFINE SAB-PO kit, Nichirei, Tokyo, Japan) using 3.3-diaminobenzidine (DAB). All immunostained sections were counterstained with Meyer's hematoxylin.
Statistical analysis
Statistical evaluation was performed with SPSS software, version 12.0 (SPSS Inc., Chicago, IL, USA). Student's t-tests were conducted to determine differences between groups and values of P<0.05 were considered significant.
Results

External hard callus volume
The average bone-plate gap at both ends of the plate was 0.01 ± 0.02 mm (range, 0-0.08 mm) in Groups R and F; thus, plate floating was practically absent. As shown in Fig. 2 , radiographs demonstrated that we were able to position the plate ideally. A large amount of external callus was observed at the fracture site in Group F. In contrast, almost no external callus was observed in Group R (Fig. 2) . Mineralized callus was not detected on days 3 to 10; however, the external hard callus volume began to increase from day 14 in both groups. On day 21, a marked increase was observed in both groups, especially Group F, in which the volume was signifi cantly greater than that in Group R (P<0.05) (Fig.  3) .
Histomorphometry
On day 3 in Group R, infl ammatory cell infi ltration was localized adjacent to the fractured bone ends (Fig.  4A) . In Group F, infl ammatory cell infi ltration and hematoma formation along the fracture line were evident on the medullary side (Fig. 5A) . In Group F, the cells in the inner layer of the periosteum proliferated and crossed the fracture site on day 5 (Fig. 5B) . However, in Group R, the proliferation of cells in the inner layer of the periosteum was minimal. Fibrous cells were numerous in the fracture gap and were aligned parallel to the fracture line (Fig. 4B) . On day 7, in Group R, subperiosteal cell proliferation and intramembranous ossifi cation occurred under the periosteum. Newly formed woven bone was present in the fracture gap, and a small intramedullary callus containing predominantly fi brous tissue appeared in the medullary cavity (Fig. 4C) . In Group F, while subperiosteal cell proliferation and intramembranous ossifi cation occurred under the periosteum, the cells adjacent to the newly formed trabecular bone increased in size and synthesized an avascular matrix, forming cartilage (Fig. 5C, arrowheads ). An intramedullary callus containing predominantly fi brous tissue and a small area of newly formed woven bones developed around the fracture site. On day 10, the fracture gap was fi lled with newly formed woven bone in Group R and no chondro- analysis images of Group R and Group F specimens at each time point after fracture. As the bones approached union, a large external callus was observed at the fracture site in Group F. In contrast, almost no external callus was observed in Group R. day 21, chondrocytes disappeared, newly formed woven bone was fi lled, and bony union was achieved in the external callus. Resorption of the new trabecular bone and formation of a medullary cavity occurred in the external callus. A medullary cavity had formed in the original cortical bone, and reestablishment of new cortical bone had also progressed (Fig. 5F ).
Cellular event progression in group F and group R "Intramedullary callus formation" was observed in 1 of 6 mice on day 5 and in all animals on day 7 in Group R (Table 1) . Table 2 shows that each cellular event, including "proliferation of periosteum", "chondrogenesis", "endochondral ossifi cation", and "hard callus bridging" appeared on the same day in the majority of mice in Group F. Figure 6A and 6B show minimal FGF-2 staining of the periosteum on day 3 in both groups. Few PCNA- genesis was observed in the external callus. The small intramedullary callus also consisted of newly formed woven bone (Fig. 4D) . Meanwhile, in Group F, cartilage containing mainly proliferating and hypertrophic chondrocytes was the predominant tissue in the external callus. In the intramedullary callus, newly formed woven bone was also the predominant tissue (Fig. 5D) . On day 14, in Group R, a new lamellar bone layer had formed under the periosteum. Remodeling of the woven bone progressed in the fracture gap and the intramedullary callus on day 14 (Fig. 4E) . Formation of a medullary cavity in the woven bone of the fracture gap and resorption of the intramedullary callus were observed on day 21 (Fig. 4F) .
Immunohistochemistry
On day14, in Group F, endochondral ossifi cation was present from the surrounding trabecular bone to the center of the external callus. In the intramedullary callus, remodeling of the woven bone progressed and bony unions appeared in the medullary cavity (Fig. 5E ). On positive cells were detected in the same area of Group F (Fig. 7B) . In Group F, FGF-2 was widely distributed in the proliferated granulation tissue and thickened periosteum on day 5 (Fig. 6D) . In Group R, relatively little immunostaining was observed in these areas (Fig.   6C ). In group F, many PCNA-positive cells were detected in the periosteum on day 5 (Fig. 7D) , whereas few cells under the periosteum were stained with PCNA in Group R (Fig. 7C ). Fibroblastic cells in granulation tissue were PCNA-positive in both groups on day 5 (Fig. Data indicate the number of fractures with each cellular event per total number of fractures. Data indicate the number of fractures with each cellular event per total number of fractures. 7C and 7D), and some staining persisted on day 7 only in Group F (Fig. 7F) . In Group F on day 7, as shown in Fig. 6F , cells, including immature chondrocytes and mesenchymal cells under the periosteum, were specifically immunostained by anti-FGF-2 antiserum. Proliferating chondrocytes and pre-hypertrophic chondrocytes were PCNA-positive (Fig. 7F) . In contrast, only a few PCNA-positive cells above the cortex were detected in Group R on day 7 (Fig. 7E) .
Discussion
The present results confirmed the external callus to be significantly larger in Group F than in Group R. Fibroblastic cells in granulation tissue on days 5 and 7 in Group F demonstrated marked FGF-2 expression. The granulation tissue area was already slightly larger in Group F than in Group R by day 5, but ongoing cell proliferation in granulation tissue, as indicated by PCNA expression, explained the relative granulation tissue increase in group F.
The fracture healing process is reportedly influenced by the mechanical environment at the fracture site [6, 8, 24] . In the present study, we observed cellular events at the fracture healing site using two MouseFix™ plates with different levels of flexibility. Our histological analysis showed proliferation of cells in the inner layer of the periosteum to be seen first, by day 5, in Group R with the rigid plate. External callus formation via intramembranous ossification was slight 7 days after the fracture. The fracture gap was filled with newly formed woven bone and directly bridged by day 10. Furthermore, the bone union in Group R was achieved mostly without a large external callus by day 14. On the other hand, in Group F with the flexible plate, granulation tissue adjacent to the fracture site and anchoring callus associated with intramembranous ossification were apparent 7 days after the fracture. Cartilage tissue appeared around granulation tissue on day 7, and bridging of the fracture site began through endochondral ossification. Finally, a large external callus was observed on day 21. Our results suggest that the 2 different MouseFix™ plates activated two distinct fracture healing processes with different callus formation and cellular events. Many investigations based on clinical experience and experiments of rats, rabbits and other large animals have demonstrated these types of fracture healing [9, 23, 25, 26] . However, the precise mechanism has not previously been fully elucidated.
Previous reports have revealed that several growth factors including bone morphogenetic proteins (BMPs), transforming growth factor (TGF)-β, insulin-like growth factors (IGFs) and FGFs are involved in regulating bone regeneration and remodeling during bone growth and repair [1, 5] . However, no published studies have focused on differences in endogenous growth factor expressions in experimentally controlled mechanical environments. Fracture healing processes are not all the same. We speculated that differences in the mechanical environment would result in variable growth factor expressions, thereby leading to differences in healing processes. As described above, there were major differences in the early phase of endogenous FGF-2 expression between the two fracture healing processes. These results suggest that the production of FGFs at the fracture site plays an important role in fracture repair processes. Previous studies have shown that the effects of FGFs are exerted mainly on mesenchymal cell proliferation and that FGF-2 is a more potent mitogen for fibroblasts and pre-osteoblasts than for differentiated osteoblasts [20] . In addition, FGF-2 has been shown to inhibit bone cell differentiation and matrix synthesis [3, 4, 11, 28] . Thus, the stimulatory effect of FGF-2 on fracture repair appears to be due mainly to the stimulation of mesenchymal cell proliferation, and these cells then differentiate or support the differentiation of precursor cells. Compared to Group R with stable fixations, Group F had more interfragmentary movements that led to a difference in callus formation. The fracture callus was significantly larger in Group F than in Group R. In the acute phase of fracture healing, cellular proliferation in the inner layer of the periosteum is observed. Early cellular proliferation above the cortex appears to make a crucial difference in callus size. Several studies have demonstrated that mechanical forces stimulate the expressions of growth factors [7, 30] . Li et al. reported that FGF-2 synthesis results from an immediate-early gene induced by mechanical stress in osteogenic cells [17] . It is therefore possible that marked FGF-2 expression could be a direct consequence of a flexible environment. Using a fracture model of the rat femur with an intramedullary wire, Bolander et al. have studied the expressions of genes of endogenous growth factors during the initial injury response period [2, 12] . These studies contributed basic data to research on the promotion of fracture healing processes by the application of exogenous growth factors. The application of exogenous FGF2 accelerated the healing of the bone fracture and segmental bone defect in animal models [13-15, 22, 27, 29] . Furthermore, recent evidences indicates that recombinant human FGF-2 hydrogel accelerates the healing of bone fractures in humans [16] . In the present study, we showed differences in endogenous FGF-2 expression between two fracture healing processes which were promoted by different mechanical environments. There is a wide range of variation in the fixation methods employed in clinical settings, and fracture healing processes are not homogeneous. The optimal timing of application may differ depending on the stability of the fracture site. The differences in endogenous growth factor expressions must be thoroughly understood to achieve the most effective application. Our findings provide information useful for promoting basic research on optimizing fracture healing processes utilizing exogenous FGF-2.
In conclusion, using a mouse fracture model, the expressions of endogenous growth factors were directly compared for the first time between different callus formations. There was a clear difference between the two different healing processes. The present results demonstrate that there are major differences in the early phase of endogenous FGF-2 expression between the two fracture healing processes associated with different internal fixators. We speculate that differences in the mechanical environment induce different growth factor expressions, thereby leading to differences in healing processes.
